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such as the U.S. Forest Service (USFS) must estimate the downstream extent of toxic effects every time 
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typically available on the stream's geometry and flow characteristics. Previously, the USFS estimated the 
affected reach length assuming instantaneous mixing of the retardant over the reach; however, this 
approach neglects key river mixing processes. An approach is described that accounts for advection and 
dispersion of the retardant as well as the downstream growth of the stream. Applied to 13 intrusions 
documented by the USFS, the new approach shows affected reach lengths range between 8.0 and 362 
km; all 13 cases exceeded previous estimates from an instantaneous mixing model. The time that a 
stationary individual in the affected reach is exposed to concentrations above a pre-defined toxicity 
threshold (10% of 96-hour LC50, for example) ranges from 0.17 to 2.73 h, with all but one case having a 
maximum exposure time less than 1.5 h. Results from 1152 hypothetical intrusions provided by the USFS 
confirm that exposure times rarely exceed 5 h. This result suggests that 96-hour tests to determine 
toxicity (LC50) to various species should be reconsidered. Although the approach described can be 
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Because fire retardant can enter streams and harm aquatic species including endangered fish, agencies such as
the U.S. Forest Service (USFS)must estimate the downstream extent of toxic effects every time fire retardant en-
ters streams (denoted as an “intrusion”). A challenge in estimating the length of stream affected by the intrusion
and the exposure time of species in the affected reach is the lack of data typically available on the stream's geom-
etry and flow characteristics. Previously, the USFS estimated the affected reach length assuming instantaneous
mixing of the retardant over the reach; however, this approach neglects key rivermixing processes. An approach
is described that accounts for advection and dispersion of the retardant as well as the downstream growth of the
stream. Applied to 13 intrusions documented by the USFS, the new approach shows affected reach lengths range
between 8.0 and 362 km; all 13 cases exceeded previous estimates from an instantaneous mixing model. The
time that a stationary individual in the affected reach is exposed to concentrations above a pre-defined toxicity
threshold (10% of 96-hour LC50, for example) ranges from 0.17 to 2.73 h,with all but one case having amaximum
exposure time less than 1.5 h. Results from 1152 hypothetical intrusions provided by the USFS confirm that ex-
posure times rarely exceed 5 h. This result suggests that 96-hour tests to determine toxicity (LC50) to various spe-
cies should be reconsidered. Although the approach described can be improved in several ways, it provides a first
estimate of the effects of fire retardant intrusions.
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1. Introduction
Thewildfires that burn large areas of thewestern United States each
year inflict several types of damage. In addition to the direct damage to
forested areas, wildlife, and property caused by fires, fire retardant used
during suppression can enter streams and harm aquatic species, includ-
ing endangered fish such as the Chinook salmon (Oncorhynchus
tshawytscha) and steelhead trout (Oncorhynchus mykiss). Although wa-
terways are identified as avoidance areas with a minimum of a 91.4 m
(300 ft) buffer from retardant application with an airplane, the large
number of applications required to fight major fires means that intru-
sions—or occurrences of retardant directly applied to streams—are
likely. From 2012 to 2019, an estimated 7122 aerial retardant applica-
tions per year resulted in an average of 12.8 million gal of retardant ap-
plied to national forests per year (applications to state and private
property not included). On average 47 (0.65%) of those applications
were reported as intrusions into water resulting in approximately
0.71%, or 95,000 gal, of retardant applied directly to water on federal
lands per year (USFS, 2016; Laura Conway, USFS, written comm,
2020). To account for the potential effects of these intrusions on threat-
ened and endangered species, the U.S. Forest Service (USFS) and other
agencies must estimate the length of stream affected by the intrusion.
We describe an approach to account for the effects of key river mixing
processes in computing the transport of fire retardant in streams.
Currently used fire retardants are either a powder or liquid
concentrate, and they contain primarily fertilizer salts such as
monoammonium or diammonium phosphate as well as thickening
agents such as guar gum, corrosion inhibitors, coloring agents, and
stabilizers (USFS, 2011). These concentrates are mixed with water for
application by aircraft using mix ratios provided in supplementary
Table S1 resulting in solutions that are approximately 11–22% retardant
by weight depending on the product applied. Application rates of these
solutions on the landscape range between 1 and 8 gal per 100 ft2 with
an average application swath of 15 to 25 m wide and up to 250 m
long (USFS, 2011). In previously tested formulations of fire retardants,
ammonia was the primary toxic component with dilutions of 350 to
>1700 times needed to decrease the concentration applied to the land-
scape to a level that was not toxic to larval trout (Buhl and Hamilton,
2000). Ammonia is likely the toxic component of current use products
as well.
This application is an example of a class of problems involving the
transport and fate of contaminants in rivers, a well-studied topic with
mature science and established methods (Fischer et al., 1979;
Rutherford, 1994). Most river mixing problems seek to compute the
travel time to key locations downstream and/or the concentration as a
function of time at these locations. The contaminant source can be spec-
ified at a point or over an area, with the source concentration specified
as a function of time. Limiting cases include an instantaneous injection,
which could model the sudden failure of a streamside storage tank, and
a continuous injection, which could model a pipeline rupture at a river
crossing. Conservative, passive contaminants, such as a dye tracer, are
easiest to model and study in the field; therefore, manymodels will as-
sume the contaminant is conservative (no reactions or decay) and pas-
sive (no effect on the water density or hydrodynamics) when possible.
More complicated problems generally require more complex
models, more data to describe the fluvial environment, and datasets
for calibration (Bahadur and Samuels, 2018). Sophisticated spill models
have been developed to allow response agencies to quickly and effi-
ciently model river spills, primarily in larger river systems, in order to
protect downstream water supplies and guide response and remedia-
tion efforts. The ICWater model by Samuels et al. (2015) utilizes a Geo-
graphic Information System framework to combine online hydrography
datasets with real-time streamgage data to estimate contaminant con-
centrations downstream of a source using the analytical solution of
the advection-dispersion equation by Runkel (1996). However, ICWater
and similar models rely on online resources and real-time data that are
not always available for a spill location, especially those in remote areas
of the United States (U.S.) or in other countries with limited hydro-
graphic data and sparse streamgage networks. Intrusions of fire retar-
dants in small, headwater streams without extensive streamgage
networks orwell-described hydrographypresent a problem for ICWater
and other data-driven models. Assessments of damage from fire retar-
dant intrusions to aquatic species must be completed and documented
in the field when possible by responsible agencies—often with very
limited data.
The previous approach used by the USFS to estimate the affected
reach length from retardant intrusion was an instantaneous mixing
model (IMM). This approach computed the length L0 of stream required
to dilute the misapplied contaminant massM to a threshold concentra-
tion Ct by instantaneous mixing over the length, width B, and depth H,
yielding L0 = M / CtBH. This approach is easy to use because it requires
only estimates of the channel geometry and intrusion mass, which can
be computed from the estimated application area and the application
rate. The threshold concentration was derived from experiments in
which fish were exposed to the retardant products for 96 h; to account
for sub-lethal effects, the threshold concentration (also referred to as
the toxicity value) is conservatively taken as 10% of LC50, or the concen-
tration that is lethal to 50% of the population. This screening approach
was intended to guide field biologists by giving them a first estimate
of the reach length over which to look for harmful effects of the retar-
dant intrusion. Because intrusions occur in active wildfire zones, field
assessment of ecological damage from an intrusion is difficult to com-
plete, and agencies rely on estimates of affected reach length from a
model (Laura Conway, USFS, oral comm, 2020).
Refining the estimate of the affected reach length requires consider-
ing the processes of river mixing in more detail. In a one-dimensional
description of the transport, in which the retardant is assumed to be
well mixed over the cross section, the main transport processes are
advection at themean velocity U and dispersion with a dispersion coef-
ficient K. Then the variation of the concentration C with time t and
streamwise distance x is predicted by the advection-dispersion equa-









Unlike the previous IMM for estimating effects of intrusions, solu-
tions of Eq. (1)—hereafter referred to as the advection-dispersion
model (ADM)—account for the movement and spreading of the retar-
dant cloud as it moves downstream. More sophisticated approaches to
river mixing, such as two-dimensional (e.g., Ismail and Muntasir,
2018) and three-dimensional models (e.g., Zhu et al., 2017; Heer et al.,
2020), have been used, but they requiremore information than typically
available during a fire. An enhanced one-dimensional model addresses
some key limitations of the advection-dispersion equation while
requiring only one more parameter (Schmalle and Rehmann, 2014).
Nevertheless, the assumptions required in estimating the effects of a
retardant intrusion make the simplicity of the advection-dispersion
equation attractive.
Anymethod of predicting the extent of effects of fire retardant intru-
sion is subject to several constraints. The amount of data available for
predictions is limited and confined to the standard data the USFS col-
lects for an intrusion. The type of retardant, application rate, and mix
ratio are known, and the application area is assessed in the field either
during or after the event using observations of retardant on vegetation.
Therefore, the load (or mass) of retardant can be computed. Field tech-
nicians complete post-fire assessments to estimate the width, depth,
and mean velocity of the stream receiving the retardant at the site of
the intrusion. However, sometimes people not explicitly trained in
these measurements collect these data, and dangerous field conditions
can prevent characterizing the geometry of the streamand itsflow char-
acteristics, including the dispersion coefficient, further. Also, because
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most intrusions occur on headwater streams, streamflow gaging sta-
tions are rarely available to provide measurements near the intrusion
site. This constraint extends towater-quality data aswell: unsafe condi-
tions prevent measuring concentrations that can be used to test predic-
tions of a model.
We present a method to predict the spatiotemporal exposure of
aquatic species downstream from intrusions of fire retardants in
streams with limited data. At the request of the USFS (the agency that
funded this work), the methods presented in this paper were explicitly
developed for offline use by personnel in the field. We develop an ap-
proach for estimating the length of stream affected by the fire retardant
intrusion in Section 2. In Section 3 the affected reach lengths computed
with the previous (IMM) and current (ADM) approaches are compared
for 13 documented and 1152 hypothetical intrusions, and the maxi-
mum exposure times are presented. Section 4 includes a discussion of
the differences between the IMM and ADM, effects of the ADM's as-
sumptions, possible extensions and improvements to the model, and
implications of the results.
2. Methods
The affected reach length La of the stream is estimated using solu-
tions of Eq. (1). The initial estimate of the affected reach length is com-
puted by assuming that the parameters of the stream geometry and
flow do not change downstream. Because the focus is on small headwa-
ter streams, the contaminant is assumed to be well mixed across the
stream's cross section and distributed evenly over the length Ls of the in-
trusion area. Then the initial concentration distribution is modeled as C
(x,0) = C0 =M/LsBH for 0 ≤ x ≤ Ls. The loadM is determined by the ap-
plication rate and the shape and dimensions of the intrusion, which the
user is advised to limit to the approximate extent hitting the water
surface directly; processes that transport retardant on land into the
water are not included. The initial concentration distribution is used in
the superposition integral of Fischer et al. (1979, p. 42) to compute
the concentration of the retardant as













where erf(z) is the error function1 (Andrews, 1992, Section 3.2). If a
threshold concentration Ct is specified, then the affected reach length
—or the downstream distance x beyond which the concentration never
exceeds the threshold (C ≤ Ct)—can be computed from Eq. (2).
In some cases, the affected reach identified by this procedure is long
enough that the assumption of constant stream geometry and flow is
unreasonable. To keep within the input data limitations specified by
the USFS and still allow for downstream growth of the stream, the con-
cept of stream ordering (Strahler, 1957) is used to classify the hierarchy
of natural channels within a watershed (Fig. 1). The uppermost streams
in a drainage network (headwater streams), which have no upstream
tributaries, are designated asfirst-order streams down to their first con-
fluence. A second-order stream is formed below the confluence of two
first-order streams. Third-order streams are created when two
second-order streams converge, and so on. Because the width of a
stream and its stream order are correlated, the stream order at the
point of the intrusion is determined by comparing the stream's width
to the widths classified from 418 streams and rivers of different order
compiled by Downing et al. (2012). If the initial estimate of the affected
reach length exceeds the mean length corresponding to the stream
order (Leopold, 1960; Downing et al., 2012), the contaminant cloud is
Fig. 1. Schematic of drainage network with stream order designations and example intrusion site and reach designations used in the advection-dispersion model. For reference, the
streamwise distance x downstream from the intrusion site is shown along with discharge Q in each reach, the initial concentration C0, and threshold concentration Ct. With each
increase in stream order, the discharge is assumed to increase by the factor r and the concentration is diluted by a factor of r (r = 2 for our calculations).
1 All variables are listed and defined in Table S2.
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assumed to enter a reach of the next stream order and mix with a trib-
utary of equal flow (i.e., a dilution ratio r of 2). For example, down-
stream of a confluence of two first-order streams, the stream becomes
second-order, the discharge is assumed to double, and the chemical
concentration decreases by a factor of 2. This calculation ignores inflow
from smaller tributaries and assumes the tributaries carry no retardant.
Because intrusions are not common, the latter assumption is likely to
hold. A flowchart for the present ADM approach is shown in Fig. 2.
This diluted retardant cloud is used as input to the next reach. If the
streamwise location of the confluence is x1 and the concentration at the
end of the previous reach, divided by the dilution ratio (2 in this case), is
C(x1, t) = f(t), then the concentration in the next reach is given by
C x, tð Þ ¼
Z t
0









The mean channel velocity, depth, and width are assumed to in-
crease with discharge following empirical relations derived by Leopold
(1960) for the Yellowstone-Bighorn River system in Wyoming. Rates
of increase of these parameters vary across rivers, but Leopold (1960)
showed that variations in these rates are small. Once the parameters
are computed, the new affected length is computed from Eq. (3), and
the procedure is repeated until the affected reach length and stream
order are consistent and no additional stream growth is required
(i.e., the concentration falls below the threshold concentration within
the reach; see Figs. 2 and 3). The exposure time te at a position x is
then computed as the time that the concentration exceeds the threshold
concentration (C > Ct) at that point, and the maximum exposure time
for the entire stream temax is reported (Fig. 3).
As noted in the introduction, the user specifies conditions at the in-
trusion site: the width and depth of the stream, the mean velocity, the
load, retardant type, and the length of the intrusion area along the
stream. Therefore, applying Eqs. (2) and (3) requires estimating the
Fig. 2. Flowchart for computing the affected reach length (La) and maximum exposure time (temax) with the advection-dispersion model (ADM). All variables are listed and defined in
supplementary Table S2.
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dispersion coefficient K. Most empirical formulas express the disper-
sion coefficient as a function of the streamwidth, depth, mean veloc-
ity, and shear velocity u∗, which is related to the shear stress on the
bottom of the channel and the associated turbulence in the water
column. In steady uniform flow, the shear velocity can be estimated
from the channel geometry and longitudinal slope of the channel
using a force balance. To account for cases without steady uniform
flow or estimates of the slope, we relate the shear velocity to the
mean velocity using U/u∗ = 8, the approximate mean of 168 values,
which have a minimum of 0.8 and a maximum of 24, from data in
Rutherford (1994).
Evenwith a good estimate of the shear velocity, values of the disper-
sion coefficient are uncertain because of scatter in the predictions from
the empirical formulas. Many formulas are available, and predictions
from the formulas can differ by an order of magnitude or more
(e.g., Carr and Rehmann, 2007). Eleven empirical formulas were evalu-
ated against data in Rutherford (1994) by computing the discrepancy
ratio DR = log10(Kp/Km), where Kp is the predicted dispersion coeffi-
cient and Km is the measured dispersion coefficient. The discrepancy
ratio is zero if the predictions match the measurements (i.e., Kp/Km =
1). The formulas of Iwasa and Aya (1991), Liu (1977), and Koussis and
Rodríguez-Mirasol (1998) performed best for small streams, character-
ized by small aspect ratio (B/H< 30), that represent headwater streams
likely to be affected by intrusions. All three of these formulas havemean
values of |DR| less than 0.3, often taken as a standard for quality in
predicting dispersion coefficients (Seo and Cheong, 1998). To protect
against the possibility of mispredictions from a single formula, a
weighted average of the three formulas, using the reciprocals of the
mean values of |DR| for B/H < 30 as the weights, was used. Because
the weights for Iwasa and Aya (1991), Liu (1977), and Koussis and
Rodríguez-Mirasol (1998) were 3.295, 3.504, and 3.328, respectively,
the weighted average is not much different from an arithmetic average.
The effect of the weighted average dispersion coefficient on the predic-
tions was evaluated by comparing the predicted values of the affected
length with a reference length defined as the affected length computed
with measured dispersion coefficients from Rutherford (1994). The
Rutherford (1994) dataset comes from 82 dye tracer field studies on
46 different rivers and canals and includes mean channel width,
depth, velocity, and discharge for each study.
Data for 13 documented intrusion cases that cover a typical range of
streams inwildfire areaswere provided by theUSFS (Table 1). Although
the retardants in these cases are no longer used, the threshold concen-
trations and application rates are given so that predictions from the
IMM and ADM can be compared. These data were used to guide the se-
lection ofM= 80 kg, Ct = 22.5 mg/L, and Ls = 15 m used in the evalu-
ation of the ADM. In addition, the USFS provided a wide range of
hypothetical intrusion scenarios that span the range of conditions ex-
pected in practice (Table 2). Affected reach lengths were computed
with both the IMM and ADM methods for each of the 1152 scenarios
and compared. Sensitivity to the dispersion coefficient was tested by
computing results for dispersion coefficients equal to 0.75K, K, and
1.25K.
Fig. 3. Concentration as a function of time at seven sites downstream from a hypothetical
intrusion using the advection-dispersion model (ADM) approach. These curves, along
with the threshold concentration, are used to compute the affected reach length and
maximum exposure time (both shown for reference). The colors used to denote the
concentration time series at each site are not related to the color scheme used in Fig. 1
to identify reaches of a particular stream order.
Table 1
Data for 13 documented cases of intrusions of fire retardants to streams (data provided by the U.S. Forest Service in U.S. customary units). For all cases, the spill shape is approximated as a
rectangle. The initial concentration is computed as the load divided by the volume ofwater delineated by the extent of the intrusion (i.e., the product of the length of the intrusion,width of
the intrusion, andwater depth) and expressed inmilligrams per liter. These data have been converted fromU.S. customary to International System (SI) units for thepresent study resulting
in implied precision in SI units that is not present in U.S. customary units. LC50 is the concentration that is lethal to 50% of the population. Units are defined are as follows:mg/L,milligrams
per liter; L/m2, liters per square meter; m/s, meters per second; kg, kilograms.
















mg/L L/m2 m m m m m/s kg mg/L
1 Blind Canyon Phos-Chek 259F 15.0 3.260 30.48 2.44 2.44 0.15 0.37 33.11 2923
2 Trout Creek Trib. Phos-Chek 259F 15.0 3.260 36.57 0.91 0.91 0.06 0.30 14.88 7297
3 Capron Creek Phos-Chek
LC-95A-R⁎
22.5 2.445 30.48 0.30 0.30 0.06 0.30 5.12 9050
4 Seeley Creek Phos-Chek 259F 15.0 3.260 761.96 1.83 1.83 0.18 0.30 620.41 2435
5 N. Fork Mt. Creek Phos-Chek 259F 15.0 3.260 15.24 0.91 0.91 0.12 0.30 6.21 3657
6 S. Fork Mt. Creek Phos-Chek 259F 15.0 3.260 15.24 9.14 9.14 0.37 0.30 62.04 1217
7 Swamp Creek Phos-Chek 259F 15.0 3.260 30.48 1.22 1.22 0.15 0.37 16.55 2923
8 Lower Trail Creek Phos-Chek 259F 15.0 3.260 91.44 4.27 4.27 0.24 0.37 173.70 1826
9 Trail Creek Phos-Chek 259F 15.0 3.260 60.96 3.66 3.66 0.27 0.37 99.27 1623
10 Dick Creek Phos-Chek 259F 15.0 3.260 21.33 5.18 5.18 0.18 0.37 49.21 2434
11 Lower Dry Creek Phos-Chek
LC-95A-F⁎
22.5 2.437 8.18 1.01 1.01 0.23 0.31 4.54 2412
12 Upper Dry Creek Phos-Chek
LC-95A-F⁎
22.5 2.200 7.47 0.73 0.73 0.07 0.16 2.72 6812
13 Bearskin Creek Phos-Chek
LC-95A-R⁎
22.5 3.513 6.57 0.76 0.76 0.18 0.15 3.99 4358
a The toxicity value is 10% of the 96-hour LC50. LC50s for currently approved retardants were provided by the U.S. Forest Service (USFS, 2020).
⁎ These products have newer, currently approved formulations with the same name. Historic formulations used in this study are denoted with an asterisk. See Table S1 for further
details.
C.R. Rehmann, P.R. Jackson and H.J. Puglis Science of the Total Environment 782 (2021) 146879
5
3. Results
The dispersion calculation works with expected accuracy (Fig. 4). As
noted in the introduction,measurements of the affected length from re-
tardant intrusions are not available to evaluate the model's predictions.
However, the predictions of the model up to the first confluence can be
evaluated using data from dye tracer field studies (Rutherford, 1994) by
comparing the ADMpredicted affected length, which uses theweighted
average dispersion coefficient, to the reference length, which uses the
ADMwith themeasured dispersion coefficient for each study. For head-
water streams (B/H< 30), 87% of the predicted lengthsmatch the refer-
ence lengths within a factor of 2 (Fig. 4), the standard for formulas for
the dispersion coefficient (e.g., Seo and Cheong, 1998), and on average
the predictions are only 13% low. For B/H beyond the value for which
the dispersion formula was derived, the model underpredicts but still
produces affected lengths within a factor of 2. For the entire dataset,
84% of the predictions meet that criterion.
The ADM predicts longer affected reaches than the IMM. For the 13
documented intrusions, the IMM gives lengths of 0.8 km to 124 km,
while the ADM gives lengths from 8.0 km to 362 km (Fig. 5A). That is,
the ADM predicts lengths that are 2.9 to 11 times greater than the
lengths from the IMM for these cases. Regarding the hypothetical intru-
sions, about 11% had zero affected reach length because the initial con-
centration of the intrusion was less than the threshold concentration.
When the affected reach length was non-zero, it ranged from 50 m to
180 km; about half of the cases had lengths less than 8.6 km, and 75%
were smaller than 37.5 km (Fig. 6A, Table S3). About 57% of the hypo-
thetical cases required one or more increases in stream order
(Table S3). Varying the dispersion coefficient by ±25% does not sub-
stantially change the results in Fig. 6A: smaller K increases the affected
reach length, whereas larger K decreases it.
Although the affected reach length can reach tens or hundreds of ki-
lometers, themaximumexposure times are all smaller than 5.2 h. Of the
13 documented cases, Seeley Creek had the largest maximum exposure
time of 2.73 h (Fig. 5B). In the 1152 hypothetical cases in Table S3, the
largest maximum exposure time is 5.16 h; about half of the cases had
times smaller than 15 min, and 75% had times less than 1 h (Fig. 6B).
Therefore, the ADM estimates the maximum time a stationary fish in a
stream is exposed to retardant concentrations above the threshold con-
centration for the chemical is less than 5% of the duration of the stan-
dard toxicity test (i.e., 96 h). Variations of ±25% in the dispersion
coefficient change the maximum exposure times by small amounts
(Fig. 6B).
4. Discussion
4.1. Differences between the IMM and ADM
An estimate of the affected reach length La helps to explain the
difference between the IMM and the ADM. For intrusions over a
length Ls much smaller than the affected reach length and cases in
which advection dominates dispersion, the affected reach length
computed from Eq. (2) is approximately L1 = UL02/4πK, and the









Summary of parameters for 1152 hypothetical cases of intrusions of fire retardants to streams (provided by the U.S. Forest Service in U.S. customary units to approximate possible “real
world” scenarios). The calculatorwas tested for each retardant at 12 different application rates for each of the 16 configurations (8 rectangular and 8 ellipsoidal intrusions). The symbol “–”
indicates no value provided. These data have been converted fromU.S. customary to International System(SI) units for thepresent study resulting in implied precision in SI units that is not





Length of intrusion (rectangle =
length; ellipse = semi-major axis)
Width of intrusion (rectangle =







L/m2 m m m m m/s %
Phos-Chek MVP-Fx 0.407 Rectangle 30.48 3.05 3.05 0.030 0.305 2
Phos-Chek MVP-F 0.815 45.72 30.48 30.48 3.048 0.305 1.5
Phos-Chek 259-Fx 1.222 76.20 1.52 1.52 0.076 1.219 7
Phos-Chek LC-95A-R 1.630 76.20 6.10 6.10 0.152 0.610 1
Phos-Chek LC-95A-Fx 2.037 30.48 3.05 3.05 0.030 0.305 –
Phos-Chek LC-95A-F 2.445 45.72 30.48 30.48 3.048 0.305 –
2.852 76.20 1.52 1.52 0.076 1.219 –
3.260 76.20 6.10 6.10 0.152 0.610 –
3.667 Ellipse 15.24 1.52 3.05 0.030 0.305 2
4.075 22.86 15.24 30.48 3.048 0.305 1.5
4.482 38.10 0.76 1.52 0.076 1.219 7
4.890 38.10 3.05 6.10 0.152 0.610 1
15.24 1.52 3.05 0.030 0.305 –
22.86 15.24 30.48 3.048 0.305 –
38.10 0.76 1.52 0.076 1.219 –
38.10 3.05 6.10 0.152 0.610 –
Fig. 4. Evaluation of the predictions of the advection-dispersion model of affected reach
length up to the first confluence. Predictions are compared against reference reach
lengths computed using the measured dispersion coefficients from Rutherford (1994)
that were used to develop the dispersion coefficient model for B/H < 30 (gray vertical
line) where B and H are the width and depth of the channel, respectively. The dashed
horizontal lines indicate agreement within a factor of 2, the standard often used in
developing dispersion coefficient formulas (Seo and Cheong, 1998).
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That is, the ratio of the lengths can be expressed as a Péclet number,
a dimensionless number expressing the ratio of the fluxes caused by
advection and dispersion. When advection outweighs dispersion, the
contaminant is carried farther downstream with less spreading, and La
≈ L1 > L0. When dispersion outweighs advection, the concentrations
decrease more quickly and reach the threshold concentration sooner
than they would in the IMM. This description does not fit the ADM pre-
cisely because of stream growth included in the model, but in all the
documented cases and 92% of the hypothetical cases with reach lengths
greater than zero, advection provides more downstream transport than
dispersion.
A key difference between the IMM and ADM is that the IMM does
not allow exposure time to be computed. Because the IMM assumes
the retardant instantly mixes over the length L0, concentrations adjust
immediately to the specified threshold, and the exposure time is effec-
tively zero. In contrast, theADMprovides temporal evolution of concen-
trations at all points along the reach, as illustrated in Fig. 3. This
information allows the exposure time, as we have defined it, to be com-
puted, and as discussed below, it offers the opportunity to consider
other measures of exposure.
4.2. Implications of the assumptions
The ADM involves several assumptions that influence the estimates of
the affected reach length and exposure time. The choice of 10% of LC50 as
the threshold concentration (or toxicity value) follows the practice from
the previous instantaneous mixing approach. Because concentrations
Fig. 5. Comparison of the predictions of the previous instantaneous mixing model (IMM) and the current advection-dispersion model (ADM) for the 13 documented cases of intrusions
listed in Table 1: (A) affected reach length, (B) maximum exposure time.
Fig. 6. Cumulative density functions for the affected reach lengths (A) and maximum
exposure times (B) computed for the 1152 hypothetical scenarios given in
supplementary Table S3 using the current advection-dispersion model (ADM) and the
previous instantaneous mixing model (IMM). The IMM approach does not allow
computation of exposure time. Sensitivity of the results to the dispersion coefficient K is
shown by varying K by ±25% of the computed value (gray patch).
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should decrease as the contaminant cloud moves downstream and
spreads, choosing a larger threshold concentrationwould produce shorter
affected reaches, as shown in Fig. 3. In one-dimensional transport of a
conservative tracer, the peak concentration decreases approximately as
x−1/2. Therefore, in a channel with constant downstream properties, in-
creasing the threshold concentration by a factor of two will decrease the
affected length by approximately a factor of four. However,when changes
in stream order are considered, the affected reach length will decrease
less. The choice of the threshold concentration as 10% of LC50 produces
conservative (i.e., high) estimates of the affected reach length and repre-
sents a desire to account for sub-lethal effects on salmonids.
The assumptions that the retardant immediately dissolves, that the
contaminant neither reacts nor decays, and that inflow from smaller
tributaries is negligible give conservative estimates of the affected
reach length. Because the affected reach length is determined as the dis-
tance beyondwhich the concentration of retardant does not exceed the
threshold concentration, any assumptions, like these, that lead to high
estimates of concentration will give a high estimate of the affected
reach length. If the retardant sinks to the bottom of the stream and dis-
solves slowly, the duration of contamination would be greater, but the
affected reach would be shorter. In principle, assuming that the retar-
dant is well mixed over the intrusion length will give a low estimate
of the affected reach length because initial concentrations are lower
than if the intrusion were more concentrated; however, if the affected
reach length ismuch greater than the largest dimension of the intrusion
area, the affected reach length computed by assuming complete initial
mixing over the length of the intrusion will not substantially differ
from a length computed by assuming that the retardant is concentrated
at one point in the stream.
The assumptions regarding shear velocity and the averaging of the
estimates of dispersion coefficient affect the dispersion, or spreading,
of the contaminant cloud, but their effect on the affected reach length
is not easy to predict in advance. If the cloud spreads faster, the concen-
trations also decrease faster, and the length of the affected reach will be
smaller. If U/u∗ is set to 0.8, the low end of the range from Rutherford
(1994), the current weighting scheme for K would give affected reach
lengths for the documented cases of 0.75 to 1.38 times the lengths in
Fig. 5A; and with U/u∗ is set to 24, the high end of the range, the lengths
are 0.5 to 2 times the lengths in Fig. 5A. Although the different depen-
dences of the empirical formulas on U/u∗ and the weighting in calculat-
ing an average value of Kmake quantifying the effect of changingU/u∗ in
a particular case difficult, using the mean value of 8 will provide an es-
timate within a factor of 2—and likely much closer for many cases.
The approach for accounting for the change in stream order arose
from relaxing the assumption from the previousmodel that the channel
geometry and flowdo not changewith distance downstream.When the
geometry and flow were assumed to be constant, the advection-
dispersionmodel produced unreasonably large estimates of the affected
length. In other words, the lengths were large enough that tributaries
must have entered the stream and changed the width, depth, and dis-
charge. The stream order approach tries to represent the growth of
the stream (and dilution of the retardant) with the limited information
available from reports of intrusions. Because this approach replaces ac-
tual stream geometry with means of lengths and widths taken from a
large dataset, the effect on the estimates of the affected reach length is
site specific and will vary depending on the stream network and site
of the intrusion.
The dilution ratio required in accounting for tributaries also affects
the extent of effects of applied retardant. At the confluence of two
streams, the flow will increase, and the contaminant cloud will be di-
luted. The current model assumes that the flow doubles when the
stream order increases—that is, the two joining streams have the same
discharge. In principle, the larger the dilution ratio, or the ratio of the
discharges downstream and upstream of the confluence, the smaller
the affected length because any process that reduces the concentration
will reduce the affected reach length, as described above. In practice, the
chemical concentration can fall below the threshold concentration at
the sharp drop in concentration at a confluence. In these cases, while a
smaller dilution ratio might lead to a larger affected reach length, larger
dilution ratios could affect the current model's predictions only when
the stream order changes more than once (about 24% of the hypotheti-
cal cases; see Table S3).
4.3. Possible improvements
The ADM developed in this paper is not dependent upon online re-
sources such as detailed hydrographic datasets and real-time
streamgage network data. Not only does this allow offline use by per-
sonnel in the field, but it also provides a framework for intrusion/spill
modeling in countries or regions with limited (or no) digital hydro-
graphic and real-time streamgage data. Relaxing the assumption
about the growth of the stream would require more detailed informa-
tion on the stream geometry and network downstream of an intrusion
site. In the U.S., such information could be automatically retrieved
from the USGS National Hydrography Dataset or USGS StreamStats
(where available) provided the latitude and longitude of the intrusion
site are known and an internet connection is available in the field. The
channel slope is also possible to retrieve from StreamStats or estimate
from topography. Discharges in ungaged tributaries will remain difficult
to specify, especially in headwater streams, but estimates could be
made using the drainage-area ratio method and the closest streamgage
(e.g., Mohamoud, 2008) because USGS StreamStats can provide esti-
mates of the drainage area above any point on a stream. Although the
methods presented in this paper were explicitly developed for offline
use by personnel in the field (at the request of the USFS), the future ad-
dition of online data retrieval for stream networks and discharge esti-
mates is being considered.
Dispersion coefficients are also difficult to specify because of the
wide variation in estimates from empirical formulas. This problem af-
fects not just the prediction of effects of applied fire retardant but
river mixing in general. Baek and Seo (2017) provided a systematic ap-
proach for choosing an empirical formula for the transverse mixing co-
efficient based on the availability of secondary flowmeasurements and
values of the aspect ratio B/H and the parameterUH/u∗Rc, where Rc is the
radius of curvature of the channel. An analogous approach for the longi-
tudinal dispersion coefficientwould bewelcome. For the particular case
of intrusions of fire retardant, measurements of dispersion and atten-
tion to themechanisms of dispersion in headwater streams are needed.
As in Noss and Lorke (2016), we found that the empirical formulas for K
based on data from larger rivers (e.g., Seo and Cheong, 1998;
Kashefipour and Falconer, 2002; Zeng and Huai, 2014; Wang and
Huai, 2016) overpredict K for the cases from Rutherford (1994) with
small B/H.
Further improvements involve accounting for the geochemistry of
the retardant in more detail. To include degradation and loss to model
the conversion of ammonium to nitrate or the sorption of phosphate
to sediment, a first-order removal term of the form −λC, where λ is
the removal coefficient, can be added to Eq. (1), which would result in
a factor of e−λt in Eq. (2) and an analogous term in Eq. (3). As noted in
Section 4.1, this removalwould reduce affected reach lengths: for exam-
ple, taking λ = 0.2 d−1 (Chapra, 1997) decreases the affected reach
length in the case of the North Fork of Mt. Creek by about 11%. The ef-
fects of degradation and loss depend on the ratio λLa/U, which repre-
sents the ratio of the advection time and the decay time. When the
ratio is large, removal should be included to refine the estimates of the
affected reach length.
A related point is the fate of retardant that falls on land and later runs
off to the stream or enters the stream and dissolves slowly. Fire retar-
dants remain toxic after 21 d of weathering, but the effect depends on
the type of soil; retardant running off from soil with high organic con-
tent had low toxicity compared to soil with low organic content or
sand (Little and Calfee, 2002). Studies are needed to determine the
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mobilization of retardant in runoff and dissolution of retardants in
water. Both runoff from land and slow dissolution inwaterwill increase
the duration of the contamination, but neither should increase the af-
fected reach length or maximum exposure time beyond the predictions
from the approach described here.
4.4. Implications for toxicity tests
Despite the number of assumptions and approximations and the
resulting uncertainty in the affected length, the robust estimates of expo-
sure time provide toxicologists with new information that could have a
substantial impact on how toxicity is assessed in the laboratory. In partic-
ular, themaximumexposure times (0 to 5.2 h) aremuch smaller than the
duration of typical toxicity tests (i.e., 96 h). Furthermore, the ADM dem-
onstrates that fish downstream of an intrusion are not exposed to a con-
stant concentration for a period of time but rather a continuous variation
in concentration as the contaminant plume moves past (a more gradual
rise and fall in concentration). The output of the ADM is dependent on
the toxicity threshold value. The current threshold, 10% of the 96-hour
LC50, is conservative in that no effects on salmonidswere identified inpre-
vious exposures at those concentrations. To our knowledge the lowest
concentrations that affected fish identified in the literature are 60 mg/L
PHOS-CHEK® 259F and 200 mg/L PHOS-CHEK® LC-95A (Dietrich et al.,
2014) which are 4 to 8.8 times larger than the current threshold concen-
trations, respectively. Although standard toxicity tests can provide useful
baseline information, further utility of the ADMwould be improved with
toxicity data collected under more realistic exposure scenarios—shorter
duration tests, potentially with a time-variant concentration tomimic ex-
posure in the field. Currently, little is known about the toxicity of fire re-
tardants at exposure durations indicated by the ADM or with a varying
concentration. A threshold or criterion based on a cumulative exposure
would account for the dynamic concentration aswell as duration of expo-
sure predicted in the ADM.
5. Conclusion
We developed an approach for estimating the extent of effects of
fire retardant that enters streams. Although the model involves sev-
eral assumptions that could be relaxed with more extensive data on
the stream network and the intrusion, it improves upon the instan-
taneous mixing model (IMM) by accounting for two key processes
of river mixing: advection and dispersion. Using the criterion of a
maximum concentration of fire retardant, the advection-dispersion
model (ADM) predicts longer affected reaches than the IMM. It also
predicts exposure times less than 5% of the duration of standard
toxicity tests—and in most cases much smaller. The detailed infor-
mation provided by the ADM on the spatial distribution and time
history of concentrations allows alternative measures of exposure
to be considered.
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